Abstract-Pilot smeltings of the intermetallic titanium alloy are performed during the work in the vacuum induction smelting installation with a "cold crucible" and the blades of a gas-turbine engine are fabricated by the casting method according to investment models in the centrifugal field. The structure of the initial charge billet for casting the intermetallic titanium alloy is investigated and its chemical composition is analyzed. The process parameters of casting and results of metallographic analysis of fabricated blades are presented. It is established that the cast blade structure has a lamellar structure and consists of phases γ and α 2 . The results of testing mechanical properties are presented. It is established that ultimate tensile strength σ B = 765 MPa, yield point σ y = 726.5 MPa, and relative elongation δ = 1.6%. The stress distribution on the blade pen is investigated and its distribution diagrams are constructed. Blade samples are tested for long-term strength (t = 650°C, τ = 500 h), fatigue strength, and impact toughness.
INTRODUCTION
The increasingly growing interest in intermetallic alloys is caused by a series of reasons. First and foremost, this is high strength, which does not degrade with an increase in temperature; low density of intermetallic alloys based on Al and Ti, which leads to a high ratio strength/density; and high oxidation resistance and low degree of creep (afterflow), recrystallization, and corrosion [1] [2] [3] [4] [5] [6] .
A short review of investigations of intermetallic alloys, which are the basis of high-temperature construction materials, was performed by the authors of [7] . Broad application of these alloys is retarded by insufficient plasticity and viscosity. In addition, it was mentioned in [8] [9] [10] that the properties of intermetallic alloys are actually unique and cannot be predicted starting from the properties and parameters of initial materials. Finally, the successful application of intermetallic alloys as heat-resistant materials considerably depends on the method of ware formation from them.
In recent years, the main efforts of researchers in the field of TiAl-based intermetallic alloys were directed at an increase in plasticity, creep resistance due to alloying, and development and selection of the most rational production technology. Taking into account the low plasticity of γ-alloys at room temperature and the complexity of their mechanical treatment for the production of complexly shaped articles, the attention of scientists was paid to the comparison of two fabrication technologies: deformation and shaped casting [11] . It is known that lamellar structures in intermetallic titanium alloys are formed during the shaped casting, pressure treatment, or thermal treatment in the β-region.
The results of a comparison of two article-production flowsheets evidence that preference should be taken to the second variant (shaped casting) due to considerable advantages by fracture toughness (crack resistance) and creep resistance. By their characteristics, γ-alloys give the opportunity to apply them at high temperatures (~750-900°C) when producing RUSSIAN cast articles of gas-turbine engines (GTE) with alloy plasticity of 0.8-1.5% at room temperature. A decrease in article cost, for example, thin-wall wheels of turbocharger and turbine blades because of exclusion of complex mechanical treatment should be mentioned.
A promising fabrication technology of articles of intermetallic titanium alloys is centrifugal casting into a ceramic mold in the medium of high-purity inert gas or vacuum. The totality of new process solutions in the field of smelting and casting these materials creates new in principle possibilities of the passage to the production of exact shaped castings for the fabrication of highly loaded articles and units of aerospace vehicles.
This study is aimed at investigating the operational characteristics of high-pressure compressor blades of the GTE made of the intermetallic titanium alloy using casting by investment models in the centrifugal field. EXPERIMENTAL Pilot smeltings of the intermetallic titanium alloy were performed at the casting shop of PAO "Ufa Motor Production Association" using a Consarc installation and molds fabricated based on low-silicon hydrolyzed ethyl silicate binder (12% SiO 2 ) with aluminum nitrate on a fused alumina filler with additives of ASD-4 aluminum powder were poured [12] [13] [14] . Round section billets 55-60 mm in diameter and 190-300 mm in height made of the TNM-B1 alloy were used as the charge material for smelting this material and the fabrication of high-pressure compressor (HPC) blades. The chemical composition of the billets was determined with the help of a Spectrolab S spectral device (Table 1) .
Metallographic analysis of the charge billet showed that it has a lamellar structure with an average plate size of 140-160 μm in the billet center and of 60-80 μm in the surface zone ( Fig. 1) [15] .
The melt temperature in a crucible was determined with the help of an IR spectrometer and was 1680°C, the mold heating temperature was 700°C, the mold revolution frequency was 400 rpm, the rarefaction was 55 mbar, the leakage was 0.03 mbar, the argon pressure was 2.0 mbar, and the pouring time was 2.5 s. The argon supply during smelting was performed upon reaching the charge temperature in a crucible of 700-800°C and its pressure of 1-2 mmHg. This procedure resulted in the formation of the cast HPC blade shown in Fig. 2 .
Cast blades were subjected to high-temperature aerostatic treatment at t = 1250°C and P = 170 MPa; the holding time was τ = 4 h. Then they were cooled in a gasostat and aged at 870°C for 10 h.
RESULTS AND DISCUSSION
It is established during the metallographic investigation of etched slices that the alloy structure is inhomogeneous in the blade pen and foot. A considerable degree of misorientation of the γ-phase plates caused by a higher crystallization rate than in the foot is observed in the pen. The average size of plate colonies is 20-70 μm. There is a group of irregularly shaped "islands" in the structure with sizes considerably exceeding the interdendrite interlayers. The lamellar structure of such an "island" is clearly seen with large magnification (Fig. 3) . A nonequilibrium heterophase structure consisting of separate regions of γ and α 2 phases is observed. A high crystallization rate does not make it possible to form the complete ordering and attain that morphology of the heterophase structure, which is formed in the case of the equilibrium phase diagram of the Ti-Al system.
The results of the X-ray phase analysis evidence the fact that γ-and α 2 -phases are present in the alloy; in addition, numerous interference lines of the ordered β-phase with the bcc lattice are observed. In addition, we performed an analysis of a fine alloy structure in the cast state using a scanning electron microscope. The microstructure of the blade sample in backscattered electrons is shown in Fig. 4 .
At the next stage, we performed a complex of studies of mechanical properties of the HPC blade. The results of tests to the fatigue strength of the samples showed ( Table 2 ) that none of them had fractured. It is known that in investigatory practice, when operating with heat-resistant alloys for the production of GTE blades, the fatigue limit on the basis of 2 × 10 7 cycles is most often studied [16, 17] . The variation in the oscillation frequency (f) 1-10% depending on the experimental conditions, which should not exceed the admissible magnitude accepted as the fracture criterion, is accepted as the blade-fracture criterion. The results of tests for the fatigue strength showed that the blades made of the intermetallic titanium alloy had born them. Further, the experiments were continued with the stepwise increasing load with (Table 3) .
It is established that the fatigue fracture of cast HPC blades occurs at σ = 390-430 MPa and is usually associated with the influence of such statistic factors as the structural imperfection at the atomic level, as well as the presence of micro-and macrodefects.
In order to investigate the stress distribution in the blade pen and construct the corresponding distribution diagrams, we prepared the blade samples with strain sensors. The experiments were performed with piezoresistors with a base no larger than 5 mm glued along the input and output edges from the pan and along the suction face of the blade in places of the largest profile thicknesses (Fig. 5) . 
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We constructed the distribution plot of relative stresses (σ rel = σ i /σ max ) over the blade length by their average values (Fig. 6) . It is seen that the maximal stress level is attained at the suction face of the blade in the gluing place of piezoresistor 11.
Frequencies of proper oscillations of the blade by the sand-figure method were investigated using an electrodynamic shaker at room temperature. The blade was mounted in a universal clamp. The results found in the course of the investigation are presented in Fig. 7 . According to them, a corresponds to the main mode shape in the frequency range of 770-782 Hz.
The tests for the long-term strength were performed according to GOST (State Standard) 10145-81 for the samples cut from HPC blades poured to the pouring-feeding system and passed thermal treatment according to the TO 5 mode: high temperature gasstatic treatment at t = 1250°C, P = 170 MPa, τ = 4 h, cooling in gasostat, and aging at t = 870°C for 10 h.
Cast samples were preliminarily subjected to X-ray inspection and were accepted suitable. The experiments were performed using a machine produced FGUP VIAM of the VP 8 model according to GOST 10145-81 at 650°C under a load of 230 MPa. The sample was not ruptured for 168 h. The sample was ruptured after the stepped increase in load for each 24 h (the summary holding time of 500 h) to 630 MPa (Table 4) . Herewith, the relative elongation was 4.0% and relative narrowing was 5.2%.
The impact toughness of the samples was performed using a pendulum hammer of model 2130 KM-0.3 according to GOST 9454-78. The KCU magnitude was 1-2 J/cm 2 . The tensile tests of the samples were performed according to OST (Branch Standard) 1.90011-70 using an R-5 testing machine at room temperature. The following characteristics were found: ultimate tensile strength σ u = 765 MPa, yield point σ y = 726.5 MPa, relative elongation δ = 1.6%, and relative narrowing ψ = 0.5%.
We note that all these data on mechanical properties of blades agree with previous results presented in [18] [19] [20] .
CONCLUSIONS
Centrifugal casting into a ceramic mold in inert gas is a promising fabrication technology of parts of the intermetallic titanium alloy. The process parameters of fabrication of the HPC blade and the results of metallographic analysis and tests of mechanical properties are presented. The tests of cast blades for fatigue strength, which showed that they fractured at σ = 390-430 MPa, are performed.
The construction of distribution diagrams of stresses is performed by preparing the samples under study with piezoresistors. It is shown that the maximal stress level is attained on the suction face of the blade. The mechanical properties of the samples are determined: σ u = 765 MPa, σ y = 726.5 MPa, δ = 1.6%, and ψ = 0.5%.
In addition, tests of the samples for the long-term strength (summary holding time was 500 h) and impact viscosity, the values of which are KCU = 1-2 J/cm 2 , are performed.
